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ABSTRACT
Research on production and the use of cellulase and xylanase by commercial microbial 
strains is widely reported. However, research on production of cellulase and xylanase by 
local isolates of Trichoderma harzianum known as potential cellulase producers is still 
very limited. T. harzianum SNRS3 was used for cellulase and xylanase production from 
rice straw under solid state fermentation. Our study revealed that unlike Trichoderma sp. 
that is normally associated with low amounts of β-glucosidase, insufficient to perform an 
efficient hydrolysis, T. harzianum SNRS3 could be considered as a potential β-glucosidase 
producer, but not an efficient xylanase producer. As a result of storage of the crude cellulase 
at room temperature, β-glucosidase activity only decreased to above 80% of its original 
activity at the end of the 3rd week of storage. The crude cellulase produced by T. harzianum 
SNRS3 could be industrially applied as the enzyme is still highly active at 60°C and over 
a wide range of acidic pH.
Keywords: Trichoderma, Aspergillus, rice straw, 
cellulase, solid state fermentation, characterisation
INTRODUCTION
Plant biomass is composed primarily 
of cellulose, hemicelluloses, and lignin 
(Kuhad et al. ,  1997; Carpita et al. , 
2001). Lignocellulosic waste materials 
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obtained from energy crops, wood and 
agricultural residues represent the largest 
global renewable reservoir of potentially 
fermentable carbohydrates (Mtui & 
Nakamura, 2005; Talebnia et al., 2010). 
Therefore, Lignocellulosic wastes are 
regarded as attractive substrates for the 
production and recovery of a large number 
of value-added products such as enzymes 
(Mtui & Nakamura., 2005).
Having occupied 2% of the world’s 
cultivated area; rice ranks the second 
most major crop worldwide. Rice is an 
extensive crop of Asia and Southeast 
Asia, which dominates tropical and sub-
tropical belts (Devendra & Thomas, 
2002; Leff et al., 2004). Rice straw is an 
abundant lignocellulosic waste in the world 
with several characteristics that make 
it an appropriate feed stock for biofuel 
production (Binod et al., 2010). Among the 
lignocellulosic crop residues, rice straw is 
the largest biomass feedstock in the world 
(Talebnia et al., 2010).
A variety of microorganisms such 
as bacteria and fungi are plant biomass 
decomposers in nature. This makes them 
interesting sources for enzyme discovery 
(Allgaier et al., 2010). Lignocellulosic 
enzymes are important commercial products 
of lignocellulosic wastes bioprocessing used 
in many industrial applications including 
chemicals, fuel, food, brewery and wine, 
animal feed, textile and laundry, pulp and 
paper and agriculture (Howard et al., 2003; 
Rahnama et al., 2014). Currently, cellulases 
rank as the third largest volume of industrial 
enzyme with a wide range of applications in 
industry. Cellulases are employed in cotton 
processing, paper recycling, as detergent 
enzymes, in juice extraction, and as animal 
feed additives apart from their immense use 
in the hydrolysis of lignocellulosic biomass 
as a prerequisite for biofuel production 
(Wilson, 2009; Singhania et al., 2010). The 
use of lignocellulosic biomass-derived sugar 
for biofuel production has been shown to 
be promising (Park et al., 2012). In fact, 
cellulase will become the largest volume 
industrial enzyme, in case fermentation-
derived fuel such as bioethanol, and 
biobutanol could replace the current fossil-
based transportation fuel (Wilson, 2009).
Solid state fermentation (SSF) is known 
as the fermentation whereby an insoluble 
substrate is fermented in the absence or 
almost absence of free moisture (Chahal, 
1985). Submerged fermentation (SmF) 
and SSF are both the common techniques 
applied for production of cellulases. SSF 
is advantageous over SmF due to the 
production of the enzymes at a higher yield 
and higher pH or temperature stability 
(Holker & Lenz, 2005; Singhania et al., 
2009; Saqib et al., 2010).
Cellulases are the most extensively 
studied multiple enzyme complexes. As 
hydrolytic enzymes, cellulases cleave the 
β-1,4- glucosidic bonds in the cellulose 
structure (Singhania et al., 2010). The 
major cellulase components include 
cellobiohydrolases (exo-1,4-β-D-glucanase, 
CBH), endoglucanases (endo-1,4-β-D-
glucanase, EG) and β-glucosidase (Hong 
et al., 2001; Li et al., 2006; Sun et al., 
2008; Singhania et al., 2010). Nonetheless, 
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β-glucosidase does not act upon cellulose 
chain directly. Instead, β-glucosidase is 
responsible for the cleavage of cellobiose 
into two glucose monomers and this 
characteristic of β-glucosidase is of 
great significance since accumulation of 
cellobiose causes a product inhibition on 
both cellobiohydrolase and endoglucanase. 
Therefore, in addition to glucose production, 
β- glucosidase reduces product inhibition by 
cellobiose, which in turn causes cellulolytic 
enzymes to function more efficiently 
(Workman & Day, 1982; Lymar et al., 1995; 
Joo et al., 2009). Hence, β-glucosidase is 
the rate-limiting factor in the enzymatic 
hydrolysis of cellulose (Lymar et al., 1995; 
Fadel, 2000; Elyas et al., 2010). Cellulases 
with low levels of β-glucosidase hydrolyse 
cellulose slowly, and in such cases, the 
addition of β-glucosidase enhances cellulose 
hydrolysis (Johnson et al., 1982; Lymar et 
al., 1995; Fadel, 2000; Elyas et al., 2010). 
Unfortunately, the majority of cellulolytic 
fungi, including hypercellulase-producing 
mutants of Trichoderma reesei show low 
production of β- glucosidase (Saha et al., 
1994; Skory & Freer, 1995; Riou et al., 
1998; Elyas et al., 2010).
Xylanases,  the xylan degrading 
enzymes, are present everywhere and are 
diverse by nature (Collins et al., 2005). 
Xylan hydrolytic enzymes have been 
reported mainly from bacteria (Gilbert & 
Hazlewood, 1993), fungi (Jin et al., 2012) 
and yeast (Hrmova et al., 1984; Liu et al., 
1998). Microbial xylanases are preferable 
since they are highly specific, reaction 
conditions are mild, and substrate loss 
and generation of side products are almost 
negligible (Kulkarni et al., 1999). As the 
xylan molecule contains several substituted 
groups and side chains synergistic action 
of multiple hydrolytic enzymes might be 
essential for the molecule to be completely 
hydrolysed (Dhiman et al., 2008). Xylanases 
have many biotechnological applications 
and are therefore categorised among the 
most important enzymes in industry. 
Xylanases have numerous applications in 
biotechnology, and are widely used in food, 
animal feed, paper, and pulp industries, as 
well as in bioconversion of hemicelluloses 
to value-added products (Dhiman et al., 
2008; Chapla et al., 2010).
Since understanding the action of 
cellulolytic enzymes under different 
condit ions is  of  great  importance, 
many researchers have focused on the 
characterisation of cellulase in terms 
of various physio-chemical parameters 
including temperature and pH (Farinas et 
al., 2010).
This study provides a comparison 
between cellulase production from rice 
straw under SSF by the local T. harzianum 
SNRS3 and A. niger ATCC 6275 as a model 
fungus. Crude cellulase enzymes produced 
by T. harzianum SNRS3 were characterised 
in terms of physio-chemical parameters such 
as optimum temperature, and pH. Thermal 
stability and the effects of storage at room 
temperature (28ºC), 4ºC, −20ºC, and −40ºC 
on the enzyme activity have also been 
studied.
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MATERIALS AND METHODS
Substrate Preparation and 
Pretreatment
Rice straw was obtained from a paddy field 
in Sekinchan, Selangor, Malaysia. The dried 
rice straw was ground to 2 mm lengths using 
an electric grinder (Model CW-1, Hsiang 
Tai, Taiwan), and kept in a cold room at 4°C 
prior to use.
Microorganism and Inoculum 
Preparation
A local isolate of T. harzianum SNRS3 
(isolated from rice straw collected from a 
rice field in Sekinchan, Selangor, Malaysia) 
and A. niger ATCC 6275 (used as model 
fungus) were used as inoculum, respectively. 
The fungal spores were kept in 30% (v/v) 
glycerol at minus 20°C. Reactivation of 
the spores was performed by growing on 
Potato Dextrose Agar (PDA) for 7 to 9 days. 
Spore suspension was freshly prepared prior 
to fermentation experiment by washing 
the agar surface with sterilised distilled 
water. The spores were then quantified and 
adjusted to 1×106 spores mL-1 by using a 
haemocytometer (Rahnama et al., 2013).
Fermentation
Cellulase enzyme was produced by solid 
state fermentation. A series of 250 mL 
Erlenmeyer flasks with cotton stoppers were 
autoclaved and used for the production and 
collection of the enzymes. Three grams of 
untreated rice straw was placed in different 
flasks. Mandels medium (Mandels et al., 
1974) was added to each flask containing 
the rice straw, and the moisture content was 
kept at 65% (w/v). Mandels medium (1 L) 
contained 1.4 g (NH4)2SO4, 2 g KH2PO4, 
0.63 g urea, 0.3 g CaCl2, 0.3 g MgSO4. 
7H2O, 1 mL Trace elements, 0.75 g peptone, 
and 2 mL Tween 80. The pH of the medium 
was adjusted to 5. The flasks were then 
incubated at 30°C prior to the extraction 
of crude enzyme. The extraction of crude 
enzyme mixture was carried out by adding 
30 mL of 50 mM citrate buffer (pH 4.8) into 
each flask, followed by agitation for 30 min 
at 150 rpm and 30°C. The mixture was then 
centrifuged at 4oC and 1000 × g for 10 min. 
The supernatant was filtered and kept at 4°C 
prior to use (Rahnama et al., 2013).
Crude Cellulase Enzyme 
Characterisation
The crude cellulase enzyme produced 
from rice straw by T. harzianum SNRS3 
was characterised in terms of temperature 
and pH optima, thermal stability and 
storage stability at various temperatures 
[room temperature (28°C, 4°C, −20°C, and 
−40°C)]. In order to study the optimum 
incubation temperature for the crude 
cellulase activity, the reaction mixtures 
were reacted in a temperature range of 40-
90°C and incubated for 1 h for FPase and for 
30 min for CMCase and β-glucosidase; the 
three major components of cellulases that act 
synergistically for the complete hydrolysis 
of cellulose. It was then followed by the 
assay under the standard assay conditions at 
pH4.8, as described in detail in the analytical 
procedure. CMCase activity was determined 
by estimating the reducing sugars produced 
from 1% (w/v) carboxymethylcellulose, 
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whereas FPase activity was determined by 
measuring the reducing sugars released from 
Whatman filter paper No.1. For β-glucosidase 
assay, the ρ-nitrophenol liberated from 
ρ-nitrophenyl-β-D- glucopyranoside (PNPG) 
was determined spectrophotometrically 
(Wood & Bhat, 1988).
The effect of pH on the activity of 
crude cellulase was determined in a pH 
range of 2.5-7.5 by using citric acid-
disodium hydrogen phosphate (McIlvaine) 
buffer solutions, pH 2.6-7.6. The activity 
was measured under the standard assay 
conditions. In order to study the crude 
enzyme thermal stability, the crude enzyme 
was incubated at 50 and 60°C. The crude 
enzyme solution in the screw-capped 
glass tubes was withdrawn periodically 
at the time intervals of 30 min, 1 h, 2 h, 3 
h, and 4 h. It was then cooled on ice and 
the residual enzyme activity was assayed 
under standard assay conditions. In order to 
investigate the crude enzyme stability over 
storage, the crude cellulase was aliquoted 
in four bottles. The bottles were each kept 
in different temperatures including room 
temperature (28°C), 4°C, −20°C, and 
–40°C. The enzyme activity was assayed 
under the standard assay conditions on a 
weekly basis for one month and a monthly 
basis up to two months.
Analytical Procedure
Crude cellulase activity was assayed 
according to the standard method (Wood 
& Bhat, 1988). Carboxymethylcellulase 
(CMCase) activity was determined by 
estimating the reducing sugars produced 
from 1% (w/v) carboxymethylcellulose, 
whereas Filter Paperase (FPase) activity 
was determined by measuring the reducing 
sugars released from Whatman filter paper 
No.1. The liberated reducing sugars were 
measured using the DNS method (Miller, 
1959). One unit of CMCase or FPase activity 
was defined as the amount of enzyme that 
liberated 1 µmol reducing sugars/min under 
assay conditions and expressed as a unit of 
enzyme activity per gram fermented dry 
substrate (U/g).
For FPase, substrate blank contained 2.0 
mL of 50 mM sodium citrate buffer (pH 4.8) 
in the presence of Whatman No.1 filter paper 
as the substrate. Conversely, the enzyme 
blank contained 1.8 mL of 50 mM sodium 
citrate buffer (pH 4.8), 0.2 mL of the crude 
enzyme mixture in the absence of Whatman 
filter paper, whilst the test was with the 
presence of filter paper. The reactions were 
carried out for 1 h at 40ºC.
As for CMCase assay, 0.2 mL of the 
crude enzyme was added to 1.8 mL of 1% 
(w/v) carboxymethylcellulose in 50 mM 
sodium citrate buffer (pH 4.8), and incubated 
at 40ºC for 30 min. The enzyme blank 
contained 0.2 mL of the enzyme and 1.8 ml 
50 mM pH 4.8 sodium citrate buffer only 
[without 1% (w/v) carboxymethylcellulose], 
while for the substrate blank, 0.2 ml sodium 
citrate buffer (pH 4.8) was used instead of 
the crude enzyme.
For β-glucosidase assay, the reaction 
mixture, which consisted of 0.2 mL crude 
enzyme added to 2.0 mL of 0.5 mM 
ρ-nitrophenyl-β-D- glucopyranoside in 50 
mM sodium citrate buffer (pH 4.8) was 
incubated at 40°C for 30 min. The reaction 
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was stopped by the addition of 2.0 mL of 1 
M sodium carbonate (Na2CO3) immediately 
after the incubation time (Wood & Bhat, 
1988). One unit of β-glucosidase was 
defined as the amount of enzyme that 
liberated 1 µmol ρ-nitrophenol/min under 
assay conditions and expressed as a unit 
of enzyme activity per gram fermented 
dry substrate (U/g). The substrate blank 
contained 0.2 mL of 50 mM sodium citrate 
buffer (pH 4.8) instead of the crude enzyme, 
while enzyme blank was prepared by 
adding 0.2 mL of crude enzyme into the 
sodium citrate buffer only (i.e., without 
ρ-nitrophenyl-β-D- glucopyranoside).
The xylanase activity was assayed by 
estimating the reducing sugars released 
from 1% (w/v) Birchwood xylan (Dong et 
al., 1992). The reaction was carried out by 
adding 0.2 mL of the crude enzyme to 1.8 
mL of 1% (w/v) Birchwood xylan in 50 mM 
sodium citrate buffer pH 4.8 and incubated at 
40ºC for 30 min. As for the substrate blank, 
0.2 mL of 50 mM sodium citrate buffer (pH 
4.8) was added to replace the crude enzyme, 
while for the enzyme blank, the sodium 
citrate buffer (pH 4.8) did not contain 
any xylan. One unit of xylanase activity 
was defined as the amount of enzyme that 
liberated 1 µmol reducing sugars/min under 
assay conditions and expressed as a unit of 
enzyme activity per gram fermented dry 
substrate (U/g). Reducing sugars released as 
a result of the reaction of the enzyme (FPase, 
CMCase, and xylanase) and the substrate 
was determined by using DNS method.
For the soluble protein concentration 
analysis, a modified method (Lowry et al., 
1951) was used with bovine serum albumin 
as a standard.
The impacts of temperature, pH, and 
storage on crude cellulase enzyme activity 
were expressed as relative activity that 
is a percentage of the maximum activity. 
Thermal stability of the crude cellulase was 
expressed as the residual activity that is a 
percentage of the original activity.
Statistical Analysis
The data were analysed by using one-
way analysis of variance (ANOVA). 
Meanwhile, t Tests (LSD) was used to 
compare the difference of means among 
treatment groups. Differences of p<0.05 
were considered significant.
RESULTS AND DISCUSSION
Cellulase from T. harzianum SNRS3 and 
A. niger ATCC 6275 as a Model Fungus
Cellulase production from local T. harzianum 
SNRS3 was compared to that by A. niger 
ATCC 6275 as a model fungus. Untreated 
rice straw was used as the fermentation 
substrate for both fungi. Figure 1 presents 
the production of FPase by both fungi 
studied over a period of 10 days. FPase 
production by A. niger and T. harzianum 
was not significantly different (p>0.05) 
during the first 5 days of fermentation. 
However, on day 6 of fermentation, FPase 
production by A. niger was significantly 
higher (p<0.05) than that by T. harzianum 
and the maximum activity of FPase was 
obtained at 7.06 U/g substrate and 6.25 U/g 
substrate using A. niger ATCC 6275 and T. 
harzianum SNRS3, respectively.
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CMCase and β-glucosidase production 
profiles were also studied over a period of 
10 days. A comparison between the CMCase 
and β-glucosidase production from rice straw 
by T. harzianum SNRS3 and A. niger ATCC 
6275 is presented in Figure 2. The CMCase 
production by A. niger was significantly 
higher (p<0.05) than that by T. harzianum 
between days 1 and 3 of fermentation. 
However, on day 6, the CMCase obtained 
(111.31 U/g substrate) was significantly 
higher (p<0.05) than the maximum CMCase 
production (86.35 U/g substrate) when A. 
niger was used. β-glucosidase production 
in T. harzianum was the highest on days 
7 and 8 of fermentation (p<0.05), with a 
yield of 173.18-173.71 U/g. However, the 
highest production of β-glucosidase by A. 
niger ATCC 6275 only gave an activity 
of 17.41 U/g (Day 7). Trichoderma sp. 
is normally associated with insufficient 
production of β-glucosidase to perform 
efficient hydrolysis, whereas Aspergillus 
sp. has been reported as the most efficient 
producer of β-glucosidase (Wen et al., 
2005). According to the results of this study, 
however, T. harzianum SNRS3 proved to 
be a better β-glucosidase producer than A. 
niger ATCC 6275.
In comparison, a previous study on SSF 
of rice straw has reported the production 
of FPase (480.48 U/g substrate), CMCase 
(363.72 U/g substrate), and β-glucosidase 
(16.37 U/g substrate) by A. terreus ATTC 
74135, and the production of 7.85 and 
11.73 U/g substrate of FPase and CMCase 
respectively, by A. niger (Jahromi et al., 
2011). On the other hand, using A. niger 
ATCC 6275 and palm cake under SSF, 
23.8 U/g substrate CMCase was produced 
(Prasertsan et al., 1997).
The xylanase production profile 
was studied over a period of 10 days. A 
comparison between the xylanase production 
from rice straw using T. harzianum SNRS3 
and A. niger ATCC 6275 is presented in 
Figure 3. As demonstrated in Figure 3, 
the xylanase production was increased 
significantly (p<0.05) when A. niger ATCC 
6275 was used as the inoculum for enzyme 
Figure 1. FPase from T. harzianum SNRS3 and A. niger ATCC 6275. Values are means of 3 replicates ± 
SD. Closed symbols represent: T. harzianum SNRS3; Open symbols represent: A. niger ATCC 6275
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production. On day 7 of fermentation, 
xylanase was produced at the activity of 
433.75 U/g substrate by T. harzianum 
SNRS3, as compared to 2378.64 U/g 
substrate obtained by A. niger ATCC 6275. 
Among the xylanolytic fungi, Aspergillus 
is known as an efficient and high xylanase 
producer (Fang et al., 2010). A. terreus 
ATCC 74135 was cultivated on untreated, 
ground rice straw under SSF and a very high 
xylanase production of 6,166 U/g substrate 
was obtained. Table 1 shows cellulase and 
xylanase production by different fungi 
grown on various agricultural wastes under 
solid state fermentation.
The profiles of extracellular protein 
production by T. harzianum SNRS3 and 
A. niger ATCC 6275 grown on untreated 
rice straw studied over a period of 10 days 
were also monitored. Figure 4 indicates that 
Figure 2. CMCase and β-glucosidase from T. harzianum SNRS3 and A. niger ATCC 6275. Values are 
means of 3 replicates ± SD. Symbols represent: (▲) CMCase activity; (●) β-glucosidase activity. Closed 
symbols represent: T. harzianum SNRS3; Open symbols represent: A. niger ATCC 6275
Figure 3. Xylanase from T. harzianum SNRS3 and A. niger ATCC 6275. Values are means of 3 replicates ± 
SD. Closed symbols represent: T. harzianum SNRS3; Open symbols represent: A. niger ATCC 6275
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protein concentration increased significantly 
with time for T. harzianum (p<0.05), giving 
a higher protein concentration of 4.78 mg/
mL on day 6 of fermentation compared to 
the maximum protein concentration of 2.43 
mg/mL obtained on day 6 of fermentation 
for A. niger.
Characterisation of Crude Cellulase by 
T. harzianum SNRS3
Effect of Temperature on Crude 
Cellulase Activity
Figure 5 illustrates the effects of temperature 
on the activity of crude cellulase in a 
temperature range of  40-90°C .The 
temperature profile of the enzyme shows 
an optimal temperature of 50°C for FPase, 
CMCase, and β-glucosidase produced by 
T. harzianum SNRS3. The temperature 
profile of FPase illustrates an optimum 
temperature plateau ranging from 50-60°C. 
The same feature has been reported for 
FPase produced by Penicillium notatum 
NCIM NO-923 (Das & Ghosh, 2009) and 
Penicillium funiculosum (Karboune et al., 
2008) with an optimum temperature of 50°C 
and 60°C, respectively. It is worth noting 
that FPase produced from T. harzianum 
SNRS3 can remain almost up to 100% 
active at 60°C, and this characteristic could 
be considered as a major advantage. 
Unlike FPase that exhibited almost 
a similar optimum temperature plateau 
between 50-60°C, CMCase showed a 
different trend and the relative activity 
dropped sharply between 50-60°C. Similar 
to CMCase produced by T. harzianum 
SNRS3, CMCase produced by Penicillium 
notatum NCIM NO-923 (Das & Ghosh, 
2009) and Streptomyces transformant T3-1 
(Jang & Chen, 2003) has been reported to 
be optimally active at 50°C. However, a 
lower optimal temperature of 40°C has been 
reported for endoglucanase produced by 
Aspergillus niger Z10 (Coral et al., 2002). 
The highest activities of CMCase from 
Penicillium sp. CR-316 have been reported 
Figure 4. Extracellular protein profile of T. harzianum SNRS3 and A. niger ATCC 6275. Values are means 
of 3 replicates ± SD. Closed symbols represent: T. harzianum SNRS3; Open symbols represent: A. niger 
ATCC 6275
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at 65°C (Picart et al., 2007). Whereas, 
CMCase from T. aurantiacus (Kalogeris et 
al., 2003a) and Bacillus sp. (Rastogi et al., 
2010) have been reported to be optimally 
active at 75°C.
Simi la r  to  β -g lucos idase  f rom 
T. harzianum SNRS3, Stachybotrys sp 
β-glucosidase have also been reported to 
be optimally active at 50°C (Amouri & 
Gargouri, 2006). Interestingly, a closer 
look at β-glucosidase temperature profile 
revealed that at 60°C, β-glucosidase activity 
was still above 70% of its maximum activity. 
This is considered an advantage of the 
crude cellulase enzyme produced by local 
T. harzianum SNRS3. Its ability to retain 
high activity at 60°C, when other cellulases 
are inactivated, is an important characteristic 
for cellulases as industrial enzymes. Table 2 
summarises the optimum temperature of the 
crude cellulase produced by T. harzianum 
SNRS3 and various other microorganisms.
Effects of pH on Crude Cellulase 
Activity
As illustrated in Figure 6, cellulolytic enzyme 
complex system produced by T. harzianum 
SNRS3 displayed cellobiohydrolase, 
endoglucanase, and β-glucosidase activities 
over a broad range of pH. This characteristic 
of the crude cellulase by T. harzianum 
SNRS3 is considered as an advantage for 
cellulases that are important industrial 
enzymes. However, the cellulose degrading 
enzymes are highly active in the acidic 
region (Table 2). Depending on the type of 
cellulase, the pH-activity profiles obtained 
were different. FPase retained above 50% 
of its maximum activity in a broad pH 
range of 3.5-6.5, whereas CMCase retained 
almost above 70% of its maximum activity 
in the pH range of 3.5-7.0. However, 
β-glucosidase showed the highest activity 
at pH 5.0 and remained highly active in a 
narrow pH spectrum of 4.5-5.5.
As shown in Figure 6, the pH profile of 
the three components of the crude cellulase 
showed an increasing trend for the activity 
with the rise in pH value. In particular, the 
activity of FPase and CMCase increased 
sharply in the pH range between 2.5-4.0. 
For β-glucosidase, however, the activity 
increased drastically in the pH range 
between 3.5-4.50. Based on a relative 
activity of 100% for β-glucosidase at pH 5.0, 
the activity decreased to 12.2 %, and 8.1 % 
at pH3.5 and pH7, respectively.
Thermal Stability of Crude Cellulase
The results of thermostability of the crude 
cellulase produced by T. harzianum SNRS3 
at 50 and 60°C are presented in Figure 7. As 
expected and can be observed, the higher 
the temperature, the higher the activity of 
the enzyme is likely to be lost. As shown 
in Figure 7, 30 min incubation of the crude 
enzyme at 50°C resulted in a reduction in 
the activity of FPase to around 70% of its 
original activity. However, incubation at 
60°C for 30 min reduced the FPase activity 
to almost 40% of its initial activity. It is 
worth noting that increasing the incubation 
period up to 4 h did not further decrease the 
enzyme activity.
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U n l i k e  C M C a s e  p r o d u c e d  b y 
Penicillium notatum NCIM NO-923 (Das 
& Ghosh, 2009) and Penicillium citrinum 
(Dutta et al., 2008) that proved to be more 
themostable at 50 and 60°C than FPase, 
CMCase produced by T. harzianum SNRS3 
showed less thermal stability compared to 
FPase. The incubation of the crude cellulase 
at 50 and 60°C for 30 min caused the activity 
of CMCase to drop to almost 40%, and 
30% of its original activity, respectively. 
At 50°C, however, and with the increase 
in the incubation time up to 4 h, no more 
reduction in the enzyme activity was 
detected. Consequently, in the incubation 
period range of 30 min to 4 h, a thermal 
stability plateau was observed. Meanwhile 
at 60°C, increasing the incubation time of 
the crude enzyme for up to 4 h steadily 
decreased the CMCase activity to less than 
15% of its initial activity.
As depicted in Figure 7, β-glucosidase 
exhibited above 50% of its original activity 
after incubation at 50°C for 30 min and after 
that, any longer incubation of the enzyme up 
to 4 h did not have a significant effect on the 
residual activity of the enzyme. However, 
the enzyme was found to be less stable at 
60°C and after 2-h incubation, and that 
almost all activities were lost probably due 
to the enzyme denaturation. Table 2 provides 
a comparison between thermostability of the 
crude cellulase produced by T. harzianum 
SNRS3 and that of cellulase by various 
microorganisms.
Effects of Storage on Crude Cellulase 
Activity
Results of the effects of storage on the 
activity of crude cellulase enzyme are 
depicted in Figures 8.A, 8.B, and 8.C.
Regardless of the storage temperature 
of the crude enzyme, the FPase activity was 
almost stable within the first week (Figure 
8.A), and only at room temperature, a slight 
decrease occurred in the FPase activity from 
100% up to 94%. Meanwhile, the activity 
of FPase for the crude samples kept at 4°C, 
− 20°C, and −40°C almost remained stable 
within the 2nd week, but the activity dropped 
to 77% at room temperature. After weeks 3 
and 4 at 4°C, −20°C, and −40°C, the activity 
of FPase slightly decreased. However, at 
room temperature, the FPase activity of 
the crude enzyme decreased drastically at 
the end of week 4 and reached 27% of its 
original activity. Interestingly, the storage of 
crude enzyme at room temperature showed 
that FPase activity was still almost 60% of 
its original activity at the end of week 3. 
The FPase activity was still above 85% of 
its original activity after keeping the crude 
enzyme for 3 weeks at 4°C, −20°C, and 
−40°C.
As shown in Figure 8.B, CMCase 
proved to be more sensitive to storage 
temperature compared to FPase. At room 
temperature, the CMCase activity dropped 
sharply from 71% after week 1 to merely 
25% and 7% at the end of weeks 3 and 4, 
respectively. However, CMCase retained 
60% of its original activity at the end of the 
2nd week of storage at room temperature. 
The effect of storage of the crude enzyme at 
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Table 1 
Cellulase and Xylanase Production by Different Fungi Grown on Various Agricultural Wastes under Solid 
State Fermentation
Enzyme source Carbon source Enzyme activities (U/g dry substrate) References
FPase CMCase β-glucosidase Xylanase
Aspergillus niger 
ATCC 6275
Palm cake _ 23.8 _ 282.9 (Prasertsan et 
al., 1997)
Aspergillus niger 
KK2
Rice straw 19.5 129 100 5070 (Kang et al., 
2004)
Aspergillus terreus 
M11
Corn stover 243 581 128 _ (Gao et al., 
2008)
Aspergillus terreus 
MTCC 8661
Palm oil fiber _ _ _ 115,269 (Suvarna 
Lakshmi et al., 
2009)
Aspergillus terreus 
ATCC74135
Rice straw 480.48 363.72 16.37 6,166.01 (Jahromi et al., 
2011)
Aspergillus ustus Wheat bran 3.78 11.84 60.00 615.26 (Shamala 
&Sreekantiah, 
1986)
Aspergillus ustus Rice straw 5.82 12.58 15.82 740 (Shamala & 
Sreekantiah, 
1986)
Myceliophthora sp. 
IMI 387099
Corn cob 0.31 11.38 5. 49 411.6 (Badhan et al., 
2007)
Myceliophthora sp. 
IMI 387099
Bagasse 0.70 6.62 2.01 620.1 (Badhan et al., 
2007)
Myceliophthora sp. 
IMI 387099
Wheat bran 0.74 26.6 3.83 128.9 (Badhan et al., 
2007)
Myceliophthora sp. 
IMI 387099
Wheat straw 1.37 30.8 6.78 656.6 (Badhan et al., 
2007)
Myceliophthora sp. 
IMI 387099
Rice straw 2.44 32.9 7.48 900.2 (Badhan et al., 
2007)
Thermoascus 
aurantiacus
Wheat straw 4.3 956 46.1 2973 (Kalogeris et 
al., 1999)
Trichoderma 
aurantiacus 
Wheat straw _ 1572 101.6 _ (Kalogeris et 
al., 2003a)
Trichoderma 
aurantiacus
Wheat straw 5.5 1709 79 4490 (Kalogeris et 
al., 2003b)
Trichoderma 
koningi F244
Wheat bran 94 287.3 184 _ (Li et al., 
2004)
Trichoderma 
longibrachiatum
Wheat bran and 
wheat straw
_ _ _ 592.7 (Azin et al., 
2007)
Trichoderma reesei 
MCG77
Rice bran 2.314 _ _ _ (Latifian et al., 
2007)
Trichoderma reesei 
ZU-02
Corncob 158 _ _ _ (Xia & Cen, 
1999)
Aspergillus niger 
ATCC 6275
Rice straw 7.06 86.35 17.41 2378.64 Present study
Trichoderma 
harzianum SNRS3
Rice straw 6.25 111.31 173.71 433.75 Present study
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Figure 5. The effects of temperature on the activity of crude cellulase by T. harzianum SNRS3 from rice 
straw in SSF. Values are means of 3 replicates ±SD. A: FPase, B: CMCase, C: β-glucosidase
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Figure 6. The effects of pH on the activity of crude cellulase by T. harzianum SNRS3 from rice straw in 
SSF. Values are means of 3 replicates ± SD. A: FPase B: CMCase C: β-glucosidase
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Figure 7. Thermostability of FPase (A), CMCase (B), and β-glucosidase (C) by T. harzianum SNRS3 from 
rice straw in SSF. Values are means of 3 replicates ± SD. Closed symbols represent: Residual activity at 
60°C; Open symbols represent: Residual activity at 50°C
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Figure 8. The effects of storage on the activity of crude cellulase by T. harzianum SNRS3 from rice straw in 
SSF. Values are means of 3 replicates ± SD. A: FPase B: CMCase C: β-glucosidase 
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4°C, −20°C, and −40°C was almost similar. 
After week 1, the activity first decreased to 
almost above 75% for the three samples kept 
at 4°C, −20°C, and −40°C. It is worth noting 
that storage at 4°C for 1 month caused the 
CMCase activity to drop to almost 65% of 
its initial activity.
Similarly, the β-glucosidase activity 
was also affected by storage temperature 
and duration (Figure 8C). Storing the crude 
enzyme at room temperature caused the 
activity to drop sharply from 82% at the 
end of week 3 to 4% at the end of week 4. 
However, the β-glucosidase activity was 
only slightly affected when the enzyme 
was kept at 4°C, −20°C, and −40°C for 
one month. Like FPase, β- glucosidase was 
also proven to be almost stable for the first 
three weeks of storage at room temperature. 
The β- glucosidase activity only decreased 
to above 80% of its original activity at 
the end of the 3rd week of storage at room 
temperature.
It is worth noting that after keeping 
the crude cellulase for 2 months at 4ºC, 
−20ºC and −40ºC, CMCase retained almost 
above 60% of its original activity. However, 
FPase and β- glucosidase remained active, 
i.e. above 80% and 90% of their original 
activity, respectively.
CONCLUSION
Unlike Trichoderma sp. that are normally 
associated with the production of low 
amount of β-glucosidase for an efficient 
hydrolysis, T. harzianum SNRS3 was shown 
to be a potential β-glucosidase producer. 
Meanwhile, T. harzianum SNRS3 produced 
β-glucosidase at a much higher activity 
(173.71 U/g substrate) compared to 17.41 
U/g substrate β-glucosidase by A. niger 
ATCC 6275, belonging to a genus reported as 
the most efficient producer of β-glucosidase. 
However, T. harzianum SNRS3 was not an 
efficient xylanase producer (433.75 U/g 
substrate) compared to A. niger ATCC 6275 
(2378.64 U/g substrate). FPase showed 
an optimum temperature plateau in the 
temperature range of 50 to 60ºC, indicating 
that this enzyme can remain active almost up 
to 100% at 60ºC. At 60ºC, the β-glucosidase 
activity was still above 70% of its maximum 
activity. This is a significant characteristic 
of cellulases with a wide range of industrial 
applications. Cellulose degrading enzymes 
were highly active in the acidic region and 
could be mostly applied over a wide range 
of acidic pH.
ACKNOWLEDGEMENTS
The authors would like to extend their 
gratitude for the financial support generously 
provided by the Ministry of Science, 
Technology and Innovation (MOSTI), 
Malaysia, through the grant NO. 02-01-04-
SF1036.
REFERENCES
Allgaier, M., Reddy, A., Park, J.I., Ivanova, N., 
D’haeseleer, P., Lowry, S., & Hugenholtz, 
P. (2010). Targeted discovery of glycoside 
hydrolases from a switchgrass-adapted compost 
community. PLoS One, 5(1), e8812.
Amouri, B., & Gargouri, A. (2006). Characterization 
of a novel β-glucosidase from a Stachybotrys 
strain. Biochemical Engineering Journal, 32(3), 
191–197.
Trichoderma Cellulase Production and Characterisation
527Pertanika J. Trop. Agric. Sci. 39 (1): 507 - 531 (2016)
Azin, M., Moravej, R., & Zareh, D. (2007). Production 
of xylanase by Trichoderma longibrachiatum 
on a mixture of wheat bran and wheat straw: 
Optimization of culture condition by Taguchi 
method. Enzyme and Microbial Technology, 
40(4), 801-805.
Badhan, A. K., Chadha, B. S., Kaur, J., Saini, 
H. S., & Bhat, M. K. (2007). Production of 
multiple xylanolytic and cellulolytic enzymes 
by thermophilic fungus Myceliophthora sp. 
IMI 387099. Bioresource Technology, 98(3), 
504-510.
Binod, P., Sindhu, R., Singhania, R. R., Vikram, 
S., Devi, L., Nagalakshmi, S., Kurien, N., 
Sukumaran, R. K., & Pandey, A. (2010). 
Bioethanol production from rice straw: An 
overview. Bioresource Technology, 101(13), 
4767–4774.
Carpita, N., Tierney, M., & Campbell, M. (2001). 
Molecular biology of the plant cell wall: 
searching for the genes that define structure, 
architecture and dynamics (pp. 1-5). Netherlands: 
Springer.
Chahal, D. S. (1985). Solid-state fermentation with 
Trichoderma reesei for cellulase production. 
Applied and Environmental Microbiology, 49(1), 
205-210.
Chapla, D., Divecha, J., Madamwar, D., & Shah, A. 
(2010). Utilization of agro-industrial waste for 
xylanase production by Aspergillus foetidus 
MTCC 4898 under solid state fermentation and 
its application in saccharification. Biochemical 
Engineering Journal, 49(3), 361-369.
Chen, M., Qinb, Y., Liua, Z., Liua, K., Wangc, F., & 
Qua, Y. (2010). Isolation and characterization 
of a β-glucosidase from Penicillium decumbens 
and improving hydrolysis of corncob residue by 
using it as cellulase supplementation. Enzyme 
and Microbial Technology, 46(6), 444–449.
Collins, T., Gerday, C., & Feller, G. (2005). Xylanases, 
xylanase families and extremophilic xylanases. 
FEMS Microbiology Reviews, 29(1), 3-23.
Coral,  G.,  Arikan, B.,  Nisa Unaldi,  M.,  & 
Guivenmez, H. (2002). Some properties of 
crude carboxymethyl cellulase of Aspergillus 
niger Z10 wild-type strain. Turkish Journal of 
Biology, 26(4), 209-213.
Das, A., & Ghosh, U. (2009). Solid-state fermentation 
of waste cabbage by Penicillium notatum NCIM 
NO-923 for production and characterization of 
cellulases. Journal of Scientific and Industrial 
Research, 68(8), 714-718.
Devendra, C., & Thomas, D. (2002). Smallholder 
farming systems in Asia. Agricultural Systems, 
71(1), 17-25.
Dhiman, S. S., Sharma, J., & Battan, B. (2008). 
Industrial applications and future prospects of 
microbial xylanases: A review. BioResources, 
3(4), 1377-1402.
Dong, W. K., Tae, S. K., Young, K. J., & Jae, K. 
L. (1992). Adsorption kinetics and behaviors 
of cellulase components on microcrystalline 
cellulose. Journal of fermentation and 
bioengineering, 73(6), 461-466.
Dutta, T., Sahoo, R., Sengupta, R., Ray, S.S., 
Bhattacharjee, A., & Ghosh, S. (2008). Novel 
cellulases from an extremophilic filamentous 
fungi Penicillium citrinum production and 
characterization. Journal of  Industrial 
Microbiology and Biotechnology, 35(4), 275–
282.
Elyas, K. K., Mathew, A., Sukumaran, R. K., 
Manzur Ali, P. M., Sapna, K., Ramesh Kumar, 
S., & Rekha Mol, K. R. (2010). Production, 
optimization and properties of beta glucosidases 
from a marine fungus Aspergillus-SA 58. New 
Biotechnology, 27(4), 347-351.
Rahnama, N., Shah, U. K. M., Foo, H. L., Rahman, N. A. A. and Ariff, A. B.
528 Pertanika J. Trop. Agric. Sci. 39 (4) 507 - 531 (2016)
Fadel, M. (2000). Production physiology of cellulases 
and β-glucosidase enzymes of Aspergillus niger 
grown under solid state fermentation. Online 
Journal of Biological Sciences, 1(5), 401-411.
Fang, T. J., Liao, B. C., & Lee, S. C. (2010). 
Enhanced production of xylanase by Aspergillus 
carneus M34 in solid-state fermentation with 
agricultural waste using statistical approach. New 
Biotechnology, 27(1), 25-32.
Farinas, C. S., Loyo, M. M., Junior, A. B., Tardioli, 
P. W., Neto, V. B., & Couri, S. (2010). Finding 
stable cellulase and xylanase: evaluation of the 
synergistic effect of pH and temperature. New 
Biotechnology, 27(6), 810-815.
Gao, J., Weng, H., Zhu, D., Yuan, M., Guan, F., & Xi, 
Y. (2008). Production and characterization of 
cellulolytic enzymes from the thermoacidophilic 
fungal Aspergillus terreus M11 under solid-
state cultivation of corn stover. Bioresource 
Technology, 99(16), 7623–7629.
Gilbert, H. J., & Hazlewood, G. P. (1993). Bacterial 
cellulases and xylanases. Journal of General 
Microbiology, 139(2), 187-194.
Grigorevski de Lima, A. L., Pires do Nascimento, R., 
Pinto da Silva Bonb, E., & Rodrigues Coelho, R. 
R. (2005). Streptomyces drozdowiczii cellulase 
production using agro-industrial by-products 
and its potential use in the detergent and textile 
industries. Enzyme and Microbial Technology, 
37(2), 272-277.
Hayashi, S., Matsumoto, K., Wada, Y., Takasaki, Y., 
& Imada, K. (1993). Stable β-glucosidase from 
Aureobasidium. Letters in Applied Microbiology, 
17(2), 75-77.
Heidorne, F. O., Magalhaes, P. O., Ferraz, A. L., & 
Milagres, A. M. F. (2006). Characterization 
of hemicellulases and cellulases produced by 
Ceriporiopsis subvermispora grown on wood 
under biopulping conditions. Enzyme and 
Microbial Technology, 38(3), 436–442.
Holker, U., & Lenz, J. (2005). Solid state fermentation-
are there any biotechnological advantages? 
Current Opinion in Microbiology, 8(3), 301-306.
Hong, J., Tamaki, H., Akiba, S., Yamamoto, K., & 
Kumaga, H. (2001). Cloning of a gene encoding 
a highly stable endo-β-1,4-glucanase from 
Aspergillus niger and its expression in yeast. 
Journal of Bioscience and Bioengineering, 
92(5), 434-441.
Howard, R. L., Abotsi, E., Jansen van Rensburg, 
E. L., & Howard, S. (2003). Lignocelluloses 
biotechnology: issues of bioconversion 
and enzyme production. African Journal of 
Biotechnology, 2(12), 602-619.
Hrmova, M., Biely, P., Vrsanska, M., & Petrakova, 
E. (1984).  Induction of cellulose- and 
xylan-degrading enzyme complex in the 
yeast Trichosporon cutaneum. Archives of 
Microbiology, 138(4), 371-376.
Jahromi, M. F., Liang, J. B., Rosfarizan, M., Goh, Y. M., 
Shokryazdan, P., & Ho, Y. W. (2011). Efficiency 
of rice straw lignocelluloses degradability by 
Aspergillus terreus ATCC 74135 in solid state 
fermentation. African Journal of Biotechnology, 
10(21), 4428-4435.
Jang, H. D, & Chen, K. S. (2003). Production and 
characterization of thermostable cellulases 
from Streptomyces transformant T3-1. World 
Journal of Microbiology and Biotechnology, 
19(3), 263–268.
Jin, N., Ma, S., Liu, Y., Yi, X., He, R., Xu, H., Qiao, 
D. R., & Cao, Y. (2012). Thermophilic xylanase 
production by Aspergillus niger in solid state 
fermentation using wheat straw and corn cob. 
African Journal of Microbiology Research, 6(2), 
2387-2389.
Johnson, E. A., Reese, E. T., & Demain, A. L. (1982). 
Inhibition of Clostridium thermocellum cellulase 
by end products of cellulolysis. Journal of 
Applied Biochemistry, 4, 64-71.
Trichoderma Cellulase Production and Characterisation
529Pertanika J. Trop. Agric. Sci. 39 (1): 507 - 531 (2016)
Joo, A. R., Jeya, M., Lee, K. M., Sim, W. I., Kim, J. S., 
Kim, I. W., Kim, Y. S., Oh, D. K., Gunasekaran, 
P., & Lee, J. K. (2009). Purification and 
characterization of a β-1,4-glucosidase from a 
newly isolated strain of Fomitopsis pinicola. 
Applied Microbiology and Biotechnology, 83(2), 
285-294.
Kalogeris, E., Fountoukides, G., Kekos, D., & Macris, 
B. J. (1999). Design of a solid-state bioreactor 
for thermophilic microorganisms. Bioresource 
Technology, 67(3), 313-315.
Kalogeris, E., Christakopoulos, P., Katapodis, P., 
Alexiou, A., Vlachou, S., Kekos, D., & Macris, 
B. J. (2003a). Production and characterization 
of cellulolytic enzymes from the thermophilic 
fungus Thermoascus aurantiacus under solid 
state cultivation of agricultural wastes. Process 
Biochemisrtry, 38(7), 1099-1104.
Ka loger i s ,  E . ,  In io tak i ,  F. ,  Topakas ,  E . , 
Christakopoulos, P., Kekos, D., & Macris, 
B.J. (2003b). Performance of an intermittent 
agitation rotating drum type bioreactor for solid-
state fermentation of wheat straw. Bioresource 
Technology, 86(3), 207–213.
Kang, S. W., Park, Y. S., Lee, J. S., Hong, S. I., & 
Kim, S. W. (2004). Production of cellulases 
and hemicellulases by Aspergillus niger KK2 
from lignocellulosic biomass. Bioresource 
Technology, 91(2), 153-156.
Karboune, S., Geraert, P. A., & Kermasha, S. (2008). 
Characterization of selected cellulolytic activities 
of multi-enzymatic complex system from 
Penicillium funiculosum. Journal of Agricultural 
and Food Chemistry, 56(3), 903–909.
Kuhad, R. C., Singh, A., & Eriksson, K. E. L. 
(1997). Microorganisms and enzymes involved 
in the degradation of plant fiber cell walls. In 
Biotechnology in the pulp and paper industry 
(pp. 45-125). Berlin Heidelberg: Springer.
Kulkarni, N., Shendye, A., & Rao, M. (1999). 
Molecular and Biotechnological aspects of 
xylanases. FEMS Microbiological Reviews, 
23(4), 411-456. 
Latifian, M., Hamidi-Esfahani, Z., & Barzegar, 
M. (2007). Evaluation of culture conditions 
for cellulase production by two Trichoderma 
reesei mutants under solid-state fermentation 
conditions. Bioresource Technology, 98(18), 
3634-3637.
Leff, B., Ramankutty, N., & Foley, J. A. (2004). 
Geographic distribution of major crops across 
the world. Global Biogeochemical Cycles, 
18(1), 1-27.
Leite, R. S., Gomes, E., & Roberto da Silva 
(2007). Characterization and comparison of 
thermostability of purified β-glucosidases from 
a mesophilic Aureobasidium pullulans and a 
thermophilic Thermoascus aurantiacus. Process 
Biochemistry, 42(7), 1101–1106.
Li, Y. H., Ding, M., Wang, J., Xu, G. J., & 
Zhao, F. (2006). A novel thermoacidophilic 
endoglucanase, Ba-EGA, from a new cellulose-
degrading bacterium, Bacillus sp. AC-1. Applied 
Microbiology and Biotechnology, 70(4), 430-
436.
Li, P. J., Jing, D. B., Zhou, Q. X., & Zhang, C. G. 
(2004). Optimization of solid fermentation of 
cellulase from Trichoderma koningii. Journal of 
Environmental Sciences, 16(5), 816–820.
Liu, W., Zhu, W., Lu, Y., Kong, J., & Ma, G. 
(1998). Production, partial purification and 
characterization of xylanase from Trichosporon 
cutaneum SL409. Process Biochemistry, 33(3), 
331-336.
Lowry, O. H., Rosebrough, N. J., Farr, A. L., & 
Randall, R. J. (1951). Protein measurement with 
the folin phenol reagent. Journal of Biological 
Chemistry, 193(1), 265-275.
Lymar, E. S., Li, B., & Renganathan, V. (1995). 
Purification and characterization of a cellulose-
binding β-glucosidase from cellulose-degrading 
Rahnama, N., Shah, U. K. M., Foo, H. L., Rahman, N. A. A. and Ariff, A. B.
530 Pertanika J. Trop. Agric. Sci. 39 (4) 507 - 531 (2016)
cultures of Phanerochaete chrysosporium. 
Applied and Environmental Microbiology, 61(8), 
2976–2980.
Machado de Castro, A., Rodrigues Pedro, K. C. N., 
Cunha da Cruz, J., Costa Ferreira, M., Ferreira 
Leite, S .G., & Pereira, Jr. N. (2010). Trichoderma 
harzianum IOC-4038: A promising strain for 
the production of a cellulolytic complex with 
significant β-glucosidase activity from sugarcane 
bagasse cellulignin. Applied Biochemistry and 
Biotechnology, 162(7), 2111–2122.
Macris, B. J. (1984). Production and characterization 
of cellulase and β-glucosidase from a mutant of 
Alternaria alternate. Applied and Environmental 
Microbiology, 47(3), 560-565.
Mandels, M., Hontz, I., & Nystrom, J. (1974). 
Enzymatic hydrolysis of waste cellulose. 
Biotechnology and Bioengineering, 16(11), 
1471-1493.
Miller, G. L. (1959). Use of dinitrosalicylic acid for 
determination of reducing sugar. Analytical 
Chemistry, 31(3), 426-428.
Mtui, G., & Nakamura, Y. (2005). Bioconversion of 
lignocellulosic waste from selected dumping 
sites in Dar es Salaam Tanzania. Biodegradation, 
16(6), 493–499.
Ong, L. G. A., Chuah, C., & Chew, L. A. (2010). 
Comparison of sodium hydroxide and potassium 
hydroxide followed by heat treatment on rice 
straw for cellulase production under solid state 
fermentation. Journal of Applied Sciences, 
10(21), 2608-2612.
Park, J. I., Steen, E. J., Burd, H., Evans, S. S., 
Redding-Johnson, A. M., Batth, T., & Gladden, 
J. M. (2012). A thermophilic ionic liquid-tolerant 
cellulase cocktail for the production of cellulosic 
biofuels. PLoS One, 7(5), e37010.
Picart, P., Diaz, P., & Pastor F. I. J. (2007). Cellulases 
from two Penicillium sp. strains isolated 
from subtropical forest soil: Production and 
characterization. Letters in Applied Microbiology, 
45(1), 108-113.
Prasertsan, P., H-Kittikul, A., Kunghae, A., Maneesri, 
J., & Oi, S. (1997). Optimization for xylanase 
and cellulase production from Aspergillus niger 
ATTC 6275 in palm oil mill wastes and its 
application. World Journal of Microbiology and 
Biotechnology, 13(5), 555-559.
Rahnama, N., Mamat, S., UmiKalsom, M. S., Foo H. 
L., Nor Aini, A. R., & Arbakariya, B. A. (2013). 
Effect of alkali pretreatment of rice straw on 
cellulase and xylanase production by local 
Trichoderma harzianum SNRS3 under solid state 
fermentation. BioResources, 8(2), 2881-2896.
Rahnama, N., Foo, H. L., Rahman, N. A. A., Ariff, 
A., & Shah, U. K. M. (2014). Saccharification of 
rice straw by cellulase from a local Trichoderma 
harzianum SNRS3 for biobutanol production. 
BMC Biotechnology, 14(1), 103.
Rastogi, G., Bhalla, A., Adhikari, A., Kenneth, M., 
Bischoff, K. M., Hughes, S. R., Christopher, 
L. P., Rajesh, K., & Sani, R. K. (2010). 
Characterization of thermostable cellulases 
produced by Bacillus and Geobacillus strains. 
Bioresource Technology, 101(22), 8798–8806.
Riou, C., Salmon, J. M., Vallier, M. J., Gunata, Z., & 
Barre, P. (1998). Purification, characterization, 
and substrate specificity of a novel highly glucose-
tolerant β-glucosidase from Aspergillus oryzae. 
Applied and Environmental Microbiology, 
64(10), 3607-3614.
Saha, B. C., Freer, S. N., & Bothast, R. J. (1994). 
Production, purification, and properties of a 
thermostable β-glucosidase from a colour variant 
strain of Aureobasidium pullulans. Applied and 
Environmental Microbiology, 60(10), 3774-
3780.
Saqib, A. A. N., Hassan, M., Farooq khan, N., & 
Baig, S. (2010). Thermostability of crude 
endoglucanase from Aspergillus fumigatus 
grown under solid state fermentation (SSF) 
Trichoderma Cellulase Production and Characterisation
531Pertanika J. Trop. Agric. Sci. 39 (1): 507 - 531 (2016)
and submerged fermentation (SmF). Process 
Biochemistry, 45(5), 641-646.
Shamala, T. R., & Sreekantiah, K. R. (1986). 
Production of cellulases and D-xylanase by some 
selected fungal isolates. Enzyme and Microbial 
Technology, 8(3), 178-182.
Singhania, R. R., Patel, A. K., Soccol, C. R., & 
Pandey, A. (2009). Recent advances in solid-state 
fermentation. Biochemical Engineering Journal, 
44(1), 13-18.
Singhania, R. R., Sukumaran, A. K., Patel, A. K., 
Larroche, C., & Pandey, A. (2010). Advancement 
and comparative profiles in the production 
technologies using solid-state and submerged 
fermentation for microbial cellulases. Enzyme 
and Microbial Technology, 46(7), 541-549.
Skory, C. D., & Freer, S. N. (1995). Cloning and 
characterization of a gene encoding a cell-bound, 
extracellular β-glucosidase in the yeast Candida 
wickerhamii. Applied and Environmental 
Microbiology, 61(2), 518-525.
Sun, W. C., Cheng, C. H., & Lee, W. C. (2008). Protein 
expression and enzymatic activity of cellulases 
produced by Trichoderma reesei Rut C-30 on rice 
straw. Process Biochemistry, 43(10), 1083-1087.
Suvarna Lakshmi, G., Rao, C. S., Rao, R. S, Hobbs, 
P. J., & Prakasham, R. S. (2009). Enhanced 
production of xylanase by a newly isolated 
Aspergillus terreus under solid state fermentation 
using palm industrial waste: A statistical 
optimization. Biochemical Engineering Journal, 
48(1), 51-57.
Talebnia, F., Karakashev, D., & Angelidaki, I. (2010). 
Production of bioethanol from wheat straw: 
An overview on pretreatment, hydrolysis and 
fermentation. Bioresource Technology, 101(13), 
4744-4753.
Watanabe, T., Sato, T., Yoshioka, S., Koshijima, T., & 
Kuwahara, M. (1992). Purification and properties 
of Aspergillus niger β-glucosidase. European 
Journal of Biochemistry, 209(2), 651 -659.
Wen, Z., Liao, W., & Chen, S. (2005). Production 
of cellulase/β-glucosidase by the mixed fungi 
culture Trichoderma reesei and Aspergillus 
phoenicis on dairy manure. Process Biochemistry, 
40(9), 3087-3094.
Wilson, D. B. (2009). Cellulases and biofuels. Current 
Opinion in Biotechnology, 20(3), 295–299.
Wood, T. M., & Bhat, K. M. (1988). Measuring 
cellulase activities. Methods in Enzymology, 
160, 87-112.
Workman, W. E., & Day, D. F. (1982). Purification 
and proper t ies  of  β-glucos idase  f rom 
Aspergillus terreus. Applied and Environmental 
Microbiology, 44(6), 1289-1295.
Xia, L., & Cen, P. L. (1999). Cellulase production by 
solid state fermentation on lignocellulosic waste 
from the xylose industry. Process Biochemistry, 
34(9), 909–912.

